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ABSTRACT: Well-defined molecular brushes bearing polypeptides as side chains were
prepared by a “grafting through” synthetic strategy with two-dimensional control over the
brush molecular architectures. By integrating N-carboxyanhydride ring-opening polymer-
izations (NCA ROPs) and ring-opening metathesis polymerizations (ROMPs), desirable
segment lengths of polypeptide side chains and polynorbornene brush backbones were
independently constructed in controlled manners. The N2 flow accelerated NCA ROP
was utilized to prepare polypeptide macromonomers with different lengths initiated from
a norbornene-based primary amine, and those macromonomers were then polymerized
via ROMP. It was found that a mixture of dichloromethane and an ionic liquid were
required as the solvent system to allow for construction of molecular brush polymers having densely-grafted peptide chains
emanating from a polynorbornene backbone, poly(norbornene-graf t-poly(β-benzyl-L-aspartate)) (P(NB-g-PBLA)). Highly
efficient postpolymerization modification was achieved by aminolysis of PBLA side chains for facile installment of functional
moieties onto the molecular brushes.
Molecular brushes are a class of cylindrical polymericmaterials, in which linear flexible or rigid side chains are
densely attached and packed along a linear polymer backbone.1
With high rigidity and large persistence length, versatile
chemical structure variability, and molecular nanoscopic
dimension, molecular brushes have gathered intense research
attention with a potential for utilization in a wide range of
applications, including the fields of biomedicine and micro-
electronics.2−4 For instance, with densely-packed side chains,
the molecular brush architecture has been shown to improve
the efficiency of delivery systems and enhance the protection of
therapeutic loads when acting as a therapeutic carrier.4−7
Recently, Zhang and co-workers reported a novel brush
polymer/DNA conjugation system providing DNA with
nanoscopic steric selectivity, when DNA was attached onto
one end of a brush backbone.4 The hybridization with
complementary DNA remained unaffected, due to the small
size of complementary DNA, while the interactions with
proteins were limited owing to the steric hindrance from the
densely-packed side chains, resulting in enhanced resistance of
the carried DNA against nucleases and improved in vivo
distribution with longer blood circulation. A great number of
molecular brushes have contained flexible side chains, such as
polyolefins, polyesters, and polyethers.8−10 Molecular brushes
containing rigid side chains would render brushes with unique
properties, while strategies for such materials with controlled
molecular weights (MWs) and narrow molecular weight
distributions (MWDs) still remain as a key synthetic
challenge.11−13
Polypeptides consisting of α-amino acids with covalent
linkages share significant similarities to the primary structure of
natural proteins, and recent synthetic methodology advances
have facilitated their utilization in biomedicine as scaffolds for
tissue engineering, matrices for drug and gene delivery, and
responsive materials for biosensors.14−16 Polypeptides have
been recently employed as rigid polymers due to their
capability to form well-defined secondary structures, including
α-helices and β-sheets.2,11,12 Thus, incorporating polypeptides
with well-defined structures into molecular brush architectures
can provide topologies with unique properties.17−19 The most
common approach to the syntheses of polypeptides involves
ring-opening polymerizations (ROPs) of amino acid N-
carboxyanhydrides (NCAs). In the last decades, several
controlled NCA ROPs have been reported to prepare well-
defined polypeptides by minimizing side reactions that usually
decrease the activity of the terminal amine during the
polymerizations.20−27 Our group previously reported a
straightforward method to enhance the polymerization rate
while maintaining the controlled features of NCA ROP by
applying continuous N2 flow to remove CO2, constituting a
facile route to the syntheses of polypeptides with controllable
polymerization rates, predictable MWs, and narrow MWDs.25
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Molecular brushes are commonly prepared via three
synthetic strategies: “grafting onto”, “grafting from”, and
“grafting through”, with unique advantages and challenges for
each method. “Grafting onto” and “grafting from” strategies had
been used to const ruc t po lypept ide molecu l a r
brushes.2,11−13,28−32 In 2009, Hammond’s group reported
molecular brushes by grafting azido-terminated poly(ethylene
glycol) (PEG) onto alkyne-functionalized polypeptide back-
bones.28 With the efficient azide−alkyne cycloaddition click
chemistry, greater than 95% grafting efficiency was achieved.
Cheng and co-workers reported a one-pot synthesis of
polypeptide molecular brushes, starting with ring-opening
metathesis polymerization (ROMP) of a norbornene (NB)
monomer containing a N-trimethylsilyl (N-TMS) group.12 The
N-TMS served not only as a protecting group for the amines
during ROMP, but also as initiators for the controlled
polymerization of NCA monomers to grow the side chain
grafts. However, polypeptide-based molecular brushes were
rarely reported by using a “grafting through” synthetic strategy
due to the polar and rigid nature of polypeptide materials.6,7
After several failed attempts to build well-defined molecular
brushes directly by “grafting-through” polymerizations of
polypeptide macromonomers, we recognized that special
solution conditions are required to facilitate controlled
polymerization of the polypeptides, each as a linear polymer
and as a brush architecture. Therefore, we describe, herein, a
broadly-applicable “grafting through” synthetic approach for the
preparation of well-defined molecular brushes bearing poly-
peptide side chains by integrating NCA ROPs with ROMPs,
which simply takes advantage of ionic liquid cosolvents. Two-
dimensional control over the macromolecular architectures was
achieved by independently building the desirable segment
lengths of polypeptide macromonomer graft chains and brush
backbones (Figure 1). The bifunctional initiator (NB-amine, 1)
consisted of a primary amine and a NB group, in which the
primary amine first initiated NCA ROP to afford poly(β-
benzyl-L-aspartate) (PBLA) side chains and then the NB group
allowed for ruthenium-catalyzed ROMP to construct the brush
backbone. A mixture of dichloromethane (DCM) and an ionic
liquid was used in ROMPs to ensure the solubility of
polypeptide macromonomers and the intactness of the
ruthenium catalyst. Postpolymerization modification was
achieved via the aminolysis of PBLA side chains in the
densely-packed brush structure.
The polypeptide macromonomer, NB-PBLA, that would
ultimately become the brush side chain, was synthesized by
controlled ROP of BLA NCA monomer, with 1 as the initiator
via our previously reported N2 flow method (Figure 1). The
required amounts of BLA NCA monomer and initiator 1 were
dissolved in anhydrous N,N-dimethylformamide (DMF), and
the reaction was allowed to proceed at room temperature using
standard Schlenk techniques.33 To avoid coordination of the
chain-end primary amino group of NB-PBLA to the ruthenium
catalyst used in the next-step ROMP,34 it was directly modified
by amidation with acetic anhydride.35 Without isolation of the
polymer after the NCA polymerization had reached a minimum
of 95% monomer conversion, acetic anhydride was introduced
into the reaction mixture via syringe. The reaction mixture was
then precipitated into diethyl ether after another 3 h to isolate
N-acetylated NB-PBLA as a white solid product. NB-PBLAs
with different chain lengths were synthesized in a similar
manner by using monomer to initiator ratios of 10, 20, and 50.
The average degree of polymerization (DPn) and number-
averaged molecular weight (Mn) of NB-PBLA were determined
by comparing the intensity of the NB alkenyl protons
resonating at about 6.10 ppm (a in Figure 2a), with the
intensity of the PBLA benzyl methylene protons resonating at
about 5.03 ppm (c in Figure 2a). Due to the accelerated
polymerization rates, NB-PBLAs were synthesized in a rapid
manner with well-defined structures, as confirmed by the
monomodal distributions and narrow MWDs in size-exclusion
chromatography (SEC; Figure S4). Therefore, the N2 flow
accelerated NCA ROP provided the first-dimensional control
over the brush molecular architecture by building the
polypeptide side chains with desirable segment lengths.
In order to synthesize the polypeptide molecular brush,
poly(norbornene-graf t-poly(β-benzyl-L-aspartate)) (P(NB-g-
Figure 1. Synthetic design of polypeptide molecular brushes via
“grafting through” strategy with postpolymerization modification using
aminolysis of PBLA brush side chains.
Figure 2. 1H NMR spectrum of (a) NB-PBLA10, (b) P(NB-g-
PBLA10)50, and (c) P(NB-g-PABEDA10)50.
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PBLA)), via the “grafting through” approach with controlled
brush backbone length, ROMP was utilized to polymerize the
NB groups at the α-chain end of NB-PBLAs with the modified
Grubbs second generation catalyst (Figure 1). The Ru-
catalyzed ROMP is a robust and well-established polymer-
ization technique to prepare polymeric materials in a controlled
manner with high tolerance of functional groups, such as
carboxylic acids and alcohols.36 Due to the poor solubility of
NB-PBLA and P(NB-g-PBLA) in low-polarity solvents, and
issues with coordination of several common high polarity
solvents, such as DMF and N,N-dimethylacetamide (DMAc),
with the Ru center of the modified Grubbs second generation
catalyst,12 it was important to identify an appropriate solvent
system in which to conduct the ROMP “grafting-through”
reactions. Ionic liquids are a class of organic compounds
consisting of ionic species that, when choosing the appropriate
ion pair, can fulfill the requirement of high polarity and low
coordinating tendency in ROMP.37,38 A solvent mixture of 1-
butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4])
with DCM was used in ROMP of NB-PBLA, due to the
limited solubility of the polypeptide in neat [bmim][BF4].
During our initial polymerization attempt, 87% conversion of
NB-PBLA10 occurred in 5 vol % [bmim][BF4]/DCM to give a
P(NB-g-PBLA) molecular brush having a narrow MWD (Đ =
1.22; entry 1 in Table 1). Upon releasing ring strain during the
polymerization, the proton resonance at about 6.10 ppm
corresponding to the NB alkene disappeared in the 1H NMR
spectrum (a in Figure 2a) and was replaced by a broad peak at
about 5.20 ppm for the alkenyl protons along the backbone of
P(NB-g-PBLA) (a′ in Figure 2b). As the content of the ionic
liquid increased in the solvent mixture, the conversion of NB-
PBLA was depressed, even with elongated reaction time
(entries 1−3 in Table 1). For example, the conversion of NB-
PBLA10 decreased from 87% to 67% when the content of
[bmim][BF4] increased from 5 vol % to 20 vol %. At 10 vol %
[bmim][BF4], with increased concentration of NB-PBLA
during the polymerization, the macromonomer conversion
was improved and the well-defined structure of the obtained
brush polymer was maintained, as indicated by Đ < 1.3 (entries
2, 5, and 6 in Table 1). Therefore, further ROMPs were
conducted under the optimized reaction conditions by using 10
vol % ionic liquid in DCM with the concentration of NB-PBLA
at 100 mg/mL.
With the optimized reaction conditions, ROMPs of NB-
PBLA with different chain lengths at various monomer to
catalyst ratios were performed and the results are summarized
in Table 2. With an increase of the macromonomer to catalyst
ratio, the NB-PBLA conversion decreased correspondingly,
which was determined by measuring the intensity of NB alkenyl
protons by 1H NMR spectroscopy. For example, when the
macromonomer to catalyst ratio increased from 20 to 100, the
conversion of NB-PBLA10 decreased from 99% to 78% (entries
1−3 in Table 2). Well-defined structures for the P(NB-g-
PBLA)s were indicated by unimodal SEC distribution patterns
for all three brush polymers derived from NB-PBLA10 (Figure
3a). As the steric hindrance of the polypeptide macromonomer
increased from NB-PBLA10 to NB-PBLA50, the conversion of
NB-PBLA decreased markedly at the same monomer to catalyst
ratio, especially for NB-PBLA50, which possessed the largest
steric hindrance of the three NB PBLA brush side chains
(entries 1, 4, and 6 in Table 2).
In addition to the steric hindrance from the polypeptide
macromonomer that could cause the observed decrease in
macromonomer conversion in ROMP, the increased polypep-
tide chain length could cause greater potential for the amides to
coordinate with the Ru catalyst, and the ionic liquid could cause
Table 1. Reaction Condition Optimization of ROMPs for P(NB-g-PBLA) Syntheses
entrya solvent concn (mg/mL) time (h) convb (%) Mn
c (kDa) DPn
c (expected) Đc
1 DCM+5 vol % [bmim][BF4] 40 3 87 117.6 49 (44) 1.22
2 DCM+10 vol % [bmim][BF4] 40 3 82 95.7 40 (41) 1.20
3 DCM+20 vol % [bmim][BF4] 40 5 67 91.2 38 (34) 1.25
4 DCM+25 vol % [bmim][BF4] 20 5 44 88.8 37 (22) 1.22
5 DCM+10 vol % [bmim][BF4] 70 3 91 128.7 54 (46) 1.28
6 DCM+10 vol % [bmim][BF4] 100 3 96 121.5 51 (48) 1.19
aAll polymerizations were performed with a macromonomer (NB-PBLA10) to catalyst ratio at 50 at rt.
bDetermined by 1H NMR spectroscopy.
cDetermined by DMF SEC characterization with a dn/dc value of 0.0790 mL/g.
Table 2. P(NB-g-PBLA) Syntheses via ROMPs with Varying NB-PBLA Block Lengths, Macromonomer to Catalyst Ratios, and
Ionic Liquid Species
entrya Ma ILa M/Ca time (h) convb (%) Mn
c (kDa) DPn
c (expected) Đc
1 NB-PBLA10 [bmim][BF4] 20 1 99 56.7 23 (20) 1.17
2 NB-PBLA10 [bmim][BF4] 50 3 96 112.1 47 (48) 1.09
3 NB-PBLA10 [bmim][BF4] 100 3 78 280.5 117 (78) 1.27
4 NB-PBLA20 [bmim][BF4] 20 3 92 82.6 22 (19) 1.16
5 NB-PBLA20 [bmim][BF4] 100 3 64 200.7 59 (64) 1.35
6 NB-PBLA50 [bmim][BF4] 20 6 74 141.0 12 (15) 1.16
7 NB-PBLA10 [bdmim][BF4] 50 3 99 138.7 57 (49) 1.23
8 NB-PBLA10 [bdmim][BF4] 100 3 92 251.5 105 (92) 1.36
9 NB-PBLA20 [bdmim][BF4] 20 3 99 89.2 23 (20) 1.26
10 NB-PBLA20 [bdmim][BF4] 100 3 80 385.4 101 (80) 1.32
aAll polymerizations were performed under the optimized conditions with the concentration of macromonomer at 100 mg/mL in the solvent
mixture with 10 vol % ionic liquid in DCM: M, macromonomer; IL, ionic liquid; C, catalyst. bDetermined by 1H NMR spectroscopy. cDetermined
by DMF SEC characterization with a dn/dc value of 0.0790 mL/g.
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adverse effects. Therefore, we revisited the ionic liquid used in
the polymerization, to better solvate the molecular brushes
during polymerization and also avoid potential effects from the
ionic liquid or its degradation products. The [bmim] cation has
been reported to degrade into a carbene species via proton
abstraction at the 2-position, and this carbene compound could
coordinate to the metal to deactivate the catalyst.37−39 In order
to avoid this potential negative effect, 1-butyl-2,3-dimethylimi-
dazolium tetrafluoroborate ([bdmim][BF4]), which has a
methyl group replacing the proton at the 2-position, was
investigated in the ROMP of NB-PBLA (Table 2). For both
NB-PBLA10 and NB-PBLA20, the conversions of polypeptide
macromonomers were improved over 80%, in which a 16%
increase was achieved for NB-PBLA20 at the monomer to
catalyst ratio of 100 (entry 10 in Table 2). With the improved
conversion, the largest molecular weight of P(NB-g-PBLA)
reached about 380.5 kDa, which was a 40% increase in
comparison with the brushes synthesized with [bmim][BF4]
(entry 3 in Table 2). Therefore, the ROMP of NB-PBLA in a
mixture of DCM and an ionic liquid provided the second-
dimensional control over the brush molecular architecture by
building the brush backbone with desirable segment length.
The aminolysis of PBLA is a facile and efficient approach to
attach functional moieties onto the backbone of PBLA without
undesired side reactions, such as cleavage of the amide linkages
along the polypeptide backbone.40,41 This reaction is found to
proceed via the formation of a succinimide intermediate in the
polymer backbone, which is converted to polyaspartamide,
accompanying the α, β isomerization of the backbone. To
investigate the efficiency of the aminolysis of PBLA in the more
densely-packed brush structure of P(NB-g-PBLA), N-Boc-
ethylenediamine was employed to replace the benzyl ester
groups of PBLA side chains. The obtained polyaspartamide
product, P(NB-g-PABEDA), was characterized by 1H NMR
spectroscopy (Figure 2c), in which the disappearance of the
methylene and phenyl protons of the benzyl ester groups (b′
and c′ in Figure 2b) coincided with the observation of the
aliphatic and NH proton resonances from installation of the
Boc-protected ethylene diamino moiety (g′′, h′′, and j′′ in
Figure 2c). Quantification of the proton intensities confirmed
the high efficiency (>95%) of the aminolysis of PBLA as a
postpolymerization modification approach for P(NB-g-PBLA)
brush. In addition, the well-controlled brush structure was
maintained during the modification, which was indicated from
the monomodal SEC with Đ = 1.23 for the product (Figure
3b).
In summary, the technical details of a “grafting through”
synthetic approach integrating NCA ROP with ROMP were
investigated to optimize conditions under which well-defined
molecular brushes bearing polypeptides as brush side chains
may be constructed, with two-dimensional control over the
brush molecular architectures. Polypeptide side chains with
desirable segment lengths were synthesized by NCA ROPs
using the N2 flow method, which provided the first-dimensional
control over the brush side chains. By using a solvent mixture of
an ionic liquid with DCM, the second-dimensional control was
achieved via ROMPs of the polypeptide macromonomers to
construct brush backbones with well-controlled structures.
Aminolysis of the PBLA side chain esters was demonstrated as
a facile and efficient postpolymerization modification method
to further install functional groups onto the densely-packed
molecular brush structure. Given the numerous types of NCA
monomers and NB-incorporated materials, this synthetic
approach can be expanded to build various polypeptide hybrid
materials.
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